10 Cell-cell interactions influence all aspects of development, homeostasis, and disease. Here, we 11 describe GFP-based Touching Nexus (G-baToN) which relies upon fluorescent protein transfer 12 driven by nanobody-mediated recognition to enable sensitive and specific labeling of cells after 13 cell-cell interactions. A suite of orthogonal baToN tools enables reciprocal cell-cell labeling, 14 interaction-dependent cargo transfer, and the identification of higher order cell-cell interactions 15 across a wide range of cell types. 16 17
of the impact of defined cell-cell interactions has illuminated critical aspects of biology, however, 23 these analyses have been limited to a small collection of signaling interfaces engaged by direct 24 cell-cell contact that are tractable to study. Molecular methods to profile cell state, including in 25 situ approaches within intact tissue architecture, largely fail to uncover the causal relationship of 26 cell-cell interactions with the underlying biology 3, 4 . Computational and experimental methods to 27 characterize cell-cell interactions yield additional layers of dimensionality, however, modalities 28 to capture cell-cell interactions are limited 5-7 ( Supplementary Fig. 1 ). Much as diverse systems to 29 detect and quantify protein-protein interactions have revolutionized our biochemical 30 understanding of molecular systems, the development of novel systems to detect and quantify 31 cell-cell interactions should help to map the interaction networks of multicellular systems 32 ( Supplementary Fig. 1 ). 33
Endogenous cell-cell interactions can result in the transfer of surface proteins between 34 cells, thus we sought to couple this phenomenon with fluorescent protein tagging as a means of 35 labeling cells that have undergone direct interaction with a neighboring cell [8] [9] [10] . Specifically, we 36 adapted an engineered surface protein/ligand system based on the expression of surface GFP 37 (sGFP) on sender cells and a cell surface anti-GFP (GFP) nanobody on receiver cells 6, 11, 12 . Co-38 culturing sGFP sender cells with GFP receiver cells led to GFP transfer and labeling of the 39 receiver cells (Fig. 1a, b and Supplementary Fig. 1 ). Receiver cell labeling required direct cell-40 cell contact, active membrane dynamics, and pairing between sGFP and its cognate GFP 41 receptor (Fig. 1c, d and Supplementary Fig. 2b, c) . Interestingly, sGFP transfer was accompanied 42 by reduced GFP on the sender cells, downregulation of GFP from the surface of the receiver 43 cells and was partially blocked by chemical inhibitors of endocytosisall consistent with active 44 and extensive GFP transfer from sender to receiver cells ( Supplementary Fig. 2d-f ). Thus, this 45 simple system (which we term GFP-based Touching Nexus or G-baToN) enables robust and 46 efficient labeling of predefined receiver cells that have interacted with sender cells. 47
To further characterize the interaction reporter system, we deconstructed the G-baToN 48 design into three functional modules. We found that both the GFP and sGFP transmembrane 49 domains influence GFP transfer efficiency ( Supplementary Fig. 3a -c, g-h). Furthermore, the 50 affinity of the GFP-GFP pairing impacted GFP transfer ( Supplementary Fig. 3d-f ). Thus, the 51 analysis of different transmembrane domains on sGFP and GFP as well as different GFP 52 nanobodies enabled the identification of combinations that improve unidirectional receiver cell 53
labeling. 54
To characterize the kinetics of G-baToN-mediated receiver cell labeling, we performed 55 co-culture time course experiments with time-lapse imaging and flow cytometry readouts. Time-56 lapse imaging showed rapid transfer and internalization of GFP by receiver cells (Fig. 1e and 57
Supplementary Movie 1). GFP transfer could be detected within five minutes of co-culture and 58 was half-maximal after six hours ( Fig. 1f and Supplementary Fig. 2g ). Importantly, GFP 59 fluorescence in receiver cells decayed rapidly after isolation of touched receiver cells from 60 sender cells, thus documenting the transient "real-time" labeling of receiver cells (Supplementary 61 Fig. 2h ). To determine the sensitivity of this system, we co-cultured receiver cells with different 62 numbers of sender cells. The fraction of labeled receiver cells was proportional to the number of 63 sender cells and even the addition of very few sender cells (representing less than 1 sender 64 cell/10 5 receiver cells) was sufficient to label rare receiver cells (Fig. 1g, h) . Thus, the transfer of 65 GFP to GFP-expressing cells is a rapid and sensitive method to mark cells that have physically 66 interacted with a predefined sender cell type. 67
Given the high efficiency with which sGFP labels receiver cells upon interaction with 68
cognate sender cells, we tested whether other surface antigen/antibody pairs could lead to protein 69 transfer and labeling. Due to the cross reactivity of GFP with BFP, co-culture of surface BFP 70 (sBFP) sender cells with GFP receiver cells generated BFP-labeled receivers 11 (Supplementary 71 Fig. 4a, b ). Orthogonal systems consisting of surface-mCherry/mCherry (LaM4) 11 and surface-72 GCN4-GFP/GCN4 (single-chain variable fragment, scFV) 13 also led to efficient and specific 73 receiver cell labeling ( Supplementary Fig. 4c-f ). 74
We then integrated these orthogonal baToN systems to enable reciprocal labeling and 75 detection higher order multi-cellular interactions. Engineering cells with baToN systems in an 76 anti-parallel fashion should enable reciprocal labeling of both interacting cells. Co-culture of 77 cells expressing sGFP and mCherry with cells expressing smCherry and GFP resulted in 78 reciprocal labeling of both interacting cell types ( Supplementary Fig. 5a -c). Using orthogonal 79 ligand-receptor pairs, we also created an AND gate dual labeling strategy. Specifically, co-80 expression of mCherry and GFP on receiver cells enabled dual color labeling of receiver cells 81 that had interacted with smCherry-expressing, sGFP-expressing, or both sender cell types ( Fig.  82 2a, b, Supplementary Fig. 5d ). Analogously, we achieved dual color labeling of receiver cells by 83 leveraging the ability of GFP to bind both sGFP and sBFP ( Supplementary Fig. 5e, f) . Thus, 84 derivatives of the G-baToN system allow for additional degrees of resolution of complex cell-85 cell interactions. 86
Given the high efficiency of protein transfer using the G-baToN system, we also 87 investigated whether cargo proteins could be co-transferred with GFP from sender cells to 88 receiver cells. Initially, we generated sender cells with surface expression of a GFP-tdTomato 89 fusion protein (sGFP-Tom) and uncovered stoichiometric tdTomato and GFP transfer to GFP 90 receiver cells ( Supplementary Fig. 6a, b ). We extended this system further by generating sender 91 cells expressing the HaloTag protein fused to sGFP (sHalo-GFP; Fig. 2c ) 14 . Covalent attachment 92 of a fluorescent synthetic ligand to sHalo-GFP enabled specific loading onto sender cells 93 ( Supplementary Fig. 7a ). Co-culture of Alexa Fluor 660 (AF660)-loaded sHalo-GFP sender cells 94
with GFP receiver cells enabled co-transfer of both GFP and AF660 ( Fig. 2d and 95 Supplementary Fig. 7b ). Compared to GFP, transfer of the chemical fluorophore using sHalo-96 GFP-based labeling of receiver cells led to increased foreground to background and higher 97 sensitivity ( Fig. 2d and Supplementary Fig. 7c ). Importantly, changing from a protein (GFP) to a 98 chemical fluorophore also extended the half-life of labeling, thus enabling partially tunable 99 perdurance of labeling after touching ( Supplementary Fig. 7d ). 100
Next, we coupled the enhanced properties of chemical fluorophore-based labeling with 101 the generalizability of the GCN4-baToN system to assemble a robust and versatile system to 102 label receiver cells that have interacted with two or more different sender cell types ( Fig. 2e, f) . 103
Co-culturing GCN4 receiver with AF488-and AF660-loaded sGCN4-Halo sender cells 104 generated receiver cells with varying degrees of AF488 and AF660 labeling ( Supplementary Fig.  105 7e). Importantly, the ratio of AF488 to AF660 transferred to the dually labeled receiver cells 106 strongly correlates with the ratio of the two sGCN4-Halo sender populations within the co-107 culture, suggesting that this system can quantitively measure higher order cell-cell interactions 108
Beyond fluorescent labels, we tested whether other cargo could be transferred to receiver 110 cells. We generated sGFP-PuroR-expressing sender cells and found that co-culture of sGFP-111
PuroR sender cells with GFP receiver cells led to moderate puromycin resistance of touched 112 receiver cells ( Supplementary Fig. 6c-e ). Furthermore, loading of sGCN4-HaloTag sender cells 113 with biotinylated ssDNA and subsequent staining with streptavidin-conjugated AF647 prior to 114 co-culture with GCN4 receiver cells revealed successful co-transfer of fluorescently labeled To assess the generalizability of the G-baToN system across cell types, we expressed 118 GFP on a panel of cell lines and primary cells. Each receiver cell type was able to uptake GFP 119 from sGFP-expressing KPT sender cells upon cell-cell contact (Fig. 3a ). Furthermore, diverse 120 sender cancer cell lines and primary cell types expressing sGFP were able to transfer GFP to 121 GFP-expressing 293 receiver cells ( Fig. 3b , Supplementary Fig. 8 ). Cancer cells undergo 122 interactions with a variety of cell types within primary tumors as well as at metastatic sites. Co-123 culturing sGFP-expressing lung cancer cells with primary human endothelial cells led to robust 124 endothelial cell labeling ( Fig. 3c, d ). As anticipated, receiver cell labeling required sGFP-125 expression on the sender cell and GFP expression on the receiver cells. Furthermore, co-126 culturing sGFP-expressing cancer cells with primary cortical neurons expressing GFP also led 127 to receiver cell labeling ( Supplementary Fig. S9c, d) . Thus, G-baToN-based labeling extends 128 beyond transformed cell types and can label diverse primary cell types. 129
To further test the generalizability of this system and determine whether primary cells 130 can serve as both sender and receiver cells, we assessed G-baToN-based GFP transfer in the 131 context of two well-established heterotypic cell-cell interactions: endothelial cells with smooth 132 muscle cells and astrocytes with neurons. Consistent with our previous results, we found that 133 sGFP-expressing primary cells (both endothelial cells and astrocytes) were able to transfer GFP 134 to neighboring GFP-expressing receivers ( Fig. 3e , f: smooth muscle cells; Fig. 3g and 135 Supplementary Fig. 9a , b: cortical neurons). Finally, given the importance of adaptive immune 136 cell interactions with cancer cells, we assessed whether the G-baToN could map the interactions 137 of primary human CD4 and CD8 T cells with lung cancer cells ( Fig. 3h and Supplementary Fig.  138 10a, b). GFP-expressing CD4 and CD8 T cells that interacted with sGFP-expressing lung 139 cancer cells were specifically labeled ( Fig. 3h and Supplementary Fig. 10a ). Inversely, GFP-140 expressing cancer cells that interacted with sGFP-expressing CD4 T cells were also specifically 141 identified by G-baToN labeling ( Supplementary Fig. 10b ). 142
Our data document the ability of diverse primary cell types to serve as both sender and 143 receiver cells, suggesting that baToN systems are not only simple, sensitive and rapid, but also 144 generalizable. Multicolor baToN systems will enable qualitative and quantitative analyses of 145 higher-order interactions. Finally, the ability of baToN systems to co-transfer protein, DNA or 146 chemical cargos suggests that this versatile platform could be leveraged to manipulate target cell 147 functions. The simplicity of this two-component system, combined with its generalizability 148 across cell types, excellent foreground to background, and rapid labeling, should enable facile 149 analysis of cell-cell interaction dynamics and have a broad impact on our ability to understand 150 the outputs of cell-cell interactions across various biological systems. d. GFP transfer to 293 receiver cells requires sGFP-αGFP interaction and is blocked by anti-GFP 172 antibody in a dose-dependent manner. sGFP sender cells were pre-incubated with the indicated concentration of anti-GFP antibody for 2 hours, washed with PBS, and then co-cultured with 174 receiver cells at a 1:1 ratio for 24 hours. Receivers were defined as Tomato neg PI neg cells. sender cells to αmCherry-expressing 293 receiver cells. smCherry senders are not able to transfer mCherry to αGFP receiver cells. smCherry sender cells were co-cultured with αGFP or 335 αmCherry receiver cells at a 1:1 ratio for 24 hours. Receivers were defined as GFP neg BFP pos 336 cells. mCherry MFI of receiver cell is shown as mean +/-SD of triplicate cultures. smCherry 293 337 sender is not able to transfer mCherry to αGFP 293 receiver. was detected after mixing sHalo-GFP senders and αGFP receivers and co-culture for 10 minutes. 400 AF660 MFI shift was more dramatic than GFP. Receivers were defined as 401 mCherry neg PI neg BFP pos cells. 402 d. Slower AF660 quenching in touched receiver cells after removing sHalo-GFP senders. After 6 403 hours co-culture, GFP/AF660 positive receiver cells were purified via FACS. Analysis of 404 GFP/AF660 MFI in purified receiver cells showed rapid GFP degradation but slower AF660 405 quenching. Receivers were defined as mCherry neg PI neg BFP pos cells. 406 e. Representative FACS plots of αGCN4 receiver cells co-cultured with the indicated sender 407 cells at 1:1 (for single sender cell) or 1:1:1 (for dual sender cells) ratios. Percent of labeled 408 receiver cells (gated as mCherry neg PI neg BFP pos ) after 6 hours of co-culture is indicated as mean 409 All plasmids used in this study are listed in Supplementary Table 1 and will be available on 472
Addgene. 
Generation of Stable Cell Lines
Parental cells were seeded at 50% confluency in a 6-well plate the day before transduction (day 492 0). The cell culture medium was replaced with 2 mL fresh medium containing 8 µg/mL 493 hexadimethrine bromide (Sigma Aldrich, H9268-5G), 20 µL ViralPlus Transduction Enhancer 494 (Applied Biological Materials Inc., G698) and 40 µL concentrated lentivirus and cultured 495 overnight (Day 1). The medium was then replaced with complete medium and cultured for 496 another 24 hours (Day 2). Cells were transferred into a 100 mm cell culture dish with appropriate 497 amounts of puromycin (Dose used: 293T: 2 µg/mL; 238N1: 3 µg/mL; 2985T2: 2 µg/mL) and 498 selected for 48 hours (Day 3). After selection, FACS analysis was performed using fluorescent 499 markers indicated in Supplementary Table 2 for validation of selection efficiency. 500
501
Transwell Co-culture Assay 502
The Corning® Transwell® polycarbonate membrane cell culture inserts were purchased from 503
Corning Inc (3422 : CS, Corning, NY). sGFP sender cells were seeded in the upper chamber 504 inserts of the transwell (1×10 5 /insert). The inserts were then placed back into the plate pre-505 seeded with 1×10 5 /well GFP receiver cells and cultured in a humidified incubator at 37 °C, 506 with 5% CO 2 for 24 hours. sGFP sender and GFP receiver cells co-cultured in the same plate 507 under the same conditions were used as control. After 24 hours, the upper chamber inserts were 508 removed, cells in the lower chamber were trypsinized and analyzed by flow cytometry. 509 510
Live and Fixed Cell Imaging 511
For live cell microscopy, 2×10 4 sGFP sender and 2×10 4 GFP receiver cells were seeded into 512
35-mm FluoroDish Cell Culture Dishes (World Precision Instruments, FD35-100) and 513
immediately imaged under a DeltaVision OMX (GE Healthcare) microscope with a 60x oil objective lens (Olympus) in a humidified chamber at 37 °C with 5% CO 2 . One image was taken 515 per minute for three hours. Images were collected with a cooled back-thinned EM-CCD camera 516 (Evolve; Photometrics). 517
518
For fixed cell microscopy, sender and receiver cells were seeded at the ratios indicated in 519
Supplementary Table 2 with a total number of 1×10 5 cells onto Neuvitro coated cover slips 520 (Thermo Fisher Scientific, NC0301187) in a 12-well cell culture plate. 24 hours after co-culture, 521 cells were fixed in 4% paraformaldehyde (PFA) PBS solution at room temperature for 10 522 minutes and washed with PBS and distilled water three times each, before mounting onto slides 523 using 50% glycerol. Images were captured using a Leica DMI6000B inverted microscope with 524 an 40x oil objective lens. For quantification, GFP-containing receiver cells were counted. 525
Multiple coverslips were analyzed across independent experiments (n=10). 526
527
Western Blot 528 5×10 6 sGFP sender and 5×10 6 GFP receiver cells were co-cultured in a 100mm cell culture dish 529 for 24 hours. Cells were trypsinized, resuspended in FACS buffer containing propidium iodide 530 (PI) (PBS, 2% FBS, 1 mM EDTA, and 1.5 µM PI). tdTomato neg PI neg cells were sorted and lysed 531 in RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS) 532 and incubated at 4 °C with continuous rotation for 30 minutes, followed by centrifugation at 533 12,000 × rcf for 10 minutes. The supernatant was collected, and the protein concentration was 534 determined by BCA assay (Thermo Fisher Scientific, 23250). Protein extracts (20-50 μg) were 535 dissolved in 10% SDS-PAGE and transferred onto PVDF membranes. The membranes were 536 blocked with 5% non-fat milk in TBS with 0.1% Tween 20 (TBST) at room temperature for one 537 hour, followed by incubation with primary antibodies diluted in TBST (1:1000 for anti-GFP, 538
anti-Tomato (RFP) and anti-human mitochondria (hu-Mito), 1:5000 for anti-GAPDH) at 4 °C 539 overnight. After three 10-minutes washes with TBST, the membranes were incubated with the 540 appropriate secondary antibody conjugated to HRP diluted in TBST (1:10000) at room 541 temperature for 1 hour. After three 10-minutes washes with TBST, Protein expression was 542 quantified with enhanced chemiluminescence reagents (Fisher Scientific, PI80196). 543
544

GFP/AF660 Stability 545
To assess the stability of GFP and AF660 in touched receiver cells, 1×10 7 sGFP or sHalo-GFP 546 sender cells were co-cultured with 1×10 7 GFP receiver cells in a 150mm cell culture dish for 6 547 hours. Cells were then trypsinized and resuspended in FACS buffer containing propidium iodide. To validate puromycin resistant protein (GCN5-Related N-Acetyltransferases, PuroR) function 556 in sender cells, 5×10 6 HEK-293T cells were transfected with sGFP-PuroR-PDGFR, sGFP-557 PDGFR or sGFP-PDGFR-IRES-PuroR in a 100-mm cell culture dish for 12 hours before re-558 plating into a 12-well plate (1×10 5 cells/well). 24 hours after transfection, cells were treated with 559 1, 2 or 5 µg/mL puromycin for 24 hours. After treatment, dead cells were washed away, and 560 viable cells were fixed by 4% PFA and stained with crystal violet. Stained cells were washed 561 with distilled water three times before extraction with 500 µL of methanol for 15 minutes on a 562 rocker. The absorbance was measured at 570 nm with a spectrophotometer. 563
To count the number of viable receiver cells co-cultured with sGFP-PuroR sender cells, 2×10 5 564 GFP receiver cells were co-cultured with 8×10 5 sGFP or sGFP-PuroR sender cells in a 6-well 565 plate. 24 hours after co-culture, cells were treated with 2 µg/mL puromycin for 48 hours. Viable 566 tdTomato neg PI neg BFP pos receiver cells were counted via FACS. 567 568
Primary Mouse Cell Isolation 569
Mouse (C57BL/6J, The Jackson Laboratory) lung, kidney, heart, hindlimb skeleton muscle, 570 spleen and liver tissue were dissected, cut into small pieces and digested in 5 mL tissue digest 571 media (3.5 mL HBSS-Ca2+ free, 0.5 mL Trypsin-EDTA (0.25%), 5mg Collagenase IV 572 (Worthington), 25 U Dispase (Corning) for 30 minutes in hybridization chamber at 37˚C with 573 rotation. Digestion is then neutralized by adding 5 mL ice cold Quench Solution (4.5 mL L15 574 media, 0.5 mL FBS, 94 µg DNase). Single cell suspensions were generated by filtering through a 575 40uM cell strainer, spinning down at 500 rcf for 5 minutes and washed with PBS twice 576 
Loading of HaloTag-Expressing Sender Cells 600
Prior to loading with HaloTag-conjugated elements, sender cells were washed once in cold PBS 601 following detachment and subsequently resuspended in cold Cell Staining Buffer (BioLegend 602 42021). For loading of HaloTag-conjugated fluorophores, senders were stained at a density of 603 1.00E+07 cells/mL on ice for five minutes in the presence of either 1 µM HaloTag-Alexa Fluor 604 cells were then washed twice in Cell Staining Buffer (500 rcf for 5 min at 4˚C) prior to 606 resuspension in growth media in preparation for co-culture. 607
For loading with HaloTag-conjugated oligonucleotides, sender cells were initially resuspended 608 and incubated with 100 µg/mL salmon sperm DNA (Thermo Fisher Scientific 15632011). 609
Sender cells were then incubated with 3.5 µM HaloTag-conjugated oligonucleotides 610 (5AmMC12/TCTAGGCGCCCGGAATTAGAT/3Bio) and subsequently washed once. 611
Oligonucleotide-loaded sender cells were then stained with 5 µg/mL streptavidin-conjugated 612
Alexa Fluor 647 (Thermo Fisher Scientific S32357) for 30 minutes on ice. The loaded, stained 613 senders were then washed twice and resuspended in growth media in preparation for co-culture. 614 615
Primary Neuron and Astrocyte Cultures 616
Primary cortical neurons were dissociated from mouse (C57BL/6J, The Jackson Laboratory) 617 E16.5 embryonic cortices into single cell suspensions with a papain dissociation system 618 (Worthington Biochemical Corporation). Tissue culture plates were coated with poly-L-lysine 619 (0.1% w/v) before seeding cells. Neurons were grown in Neurobasal media (Gibco) 620 supplemented with B-27 serum free supplement (Gibco), GlutaMAX (Gibco), and penicillin-621 streptomycin (Gibco) in a humidified incubator at 37 °C, with 5% CO2. Half media changes 622 were performed every 4-5 days. Primary astrocytes were dissociated from P0-P1 mouse cortices 623 using the same papain dissociation methods as neurons, except the single cell suspensions were 624 then plated onto tissue culture plates without poly-L-lysine in DMEM with 10% FBS and 625 penicillin-streptomycin. Primary astrocyte cultures were passaged using Accutase (Stemcell 626 Technologies). 627
Primary Human T Cell Cultures 629
Blood from healthy donors collected in leukoreduction system (LRS) chambers was separated by 630
Ficoll-Paque density gradient to obtain peripheral blood mononuclear cells (PBMCs). CD4 pos 631 and CD8 pos T cells were isolated by negative selection using EasySep Human CD4+ T Cell 632
Isolation Kit and EasySep Human CD8+ T Cell Isolation Kit (STEMCELL Technologies), 633 respectively, according to the manufacturer's instructions. T cells were cultured for 3 days with 634 CD3/CD28 Dynabeads (ThermoFisher Scientific) with 40 IU/mL IL-2 and spinoculated with 635 lentivirus for 2 hours at 400 rcf in the presence of 8 µg/mL polybrene. T cells were expanded 636 following transduction for two days in the presence of CD3/CD28 Dynabeads and 300 IU/mL 637 IL-2 prior to use in assays. Transduced or untransduced CD4 pos or CD8 pos T cells were co-638 cultured for 24 hours together with A549 cells. Following co-culture, cells were harvested, 639 stained with antibodies against CD45, CD4, or CD8 (BioLegend) and analyzed on a Cytoplasmic GFP (Cyto-GFP) is not transferred to receiver cells. Sender and receiver cells were seeded at a 1:1 ratio and co-cultured for 24
hours. Receivers were defined as Tomato neg PI neg cells. c. GFP transfer to 293 receiver cells requires direct cell-cell contact. Receiver cells separated from sender cells by a transwell chamber are not labeled. Sender and receiver cells were seeded in upper and lower chambers respectively at a 1:1 ratio and cultured for 24 hours. Receivers were defined as Tomato neg PI neg cells. d. GFP transfer to 293 receiver cells requires sGFP-αGFP interaction and is blocked by anti-GFP antibody in a dose-dependent manner. sGFP sender cells were pre-incubated with the indicated concentration of anti-GFP antibody for 2 hours, washed with PBS, and then co-cultured with receiver cells at a 1:1 ratio for 24 hours. Receivers were defined as Tomato neg PI neg cells. e. Time-lapse imaging of GFP transfer from a sGFP-expressing sender cell to an αGFP-expressing receiver cell. Time after contact is indicated. Receiver cell is outlined with white dashed line. Scale bar: 10 μm.
f. Analysis of GFP Mean Fluorescence Intensity (MFI) of αGFP receiver cells (marked by intracellular BFP) co-cultured with sGFP sender cells (marked by intracellular tdTomato) co-cultured for the indicated amount of time. Sender and receiver cells were seeded at a 1:1 ratio. Receivers were defined as Tomato neg PI neg BFP pos cells. g. Percentage of labeled αGFP receiver cells after co-culture with different numbers of sender cells for 24 hours. Receivers were defined as Tomato neg PI neg BFP pos cells. h. Detection of rare labeled αGFP receiver cells after co-culture with sGFP sender cells at approximately a 1:10 5 ratio for 24 hours. Receivers were defined as Tomato neg PI neg BFP pos cells. LIPSTIC (Pasqual et al., Nature, 2018) synNotch (Morsut et al., Cell, 2016) b. GFP cannot be transferred from fixed sGFP sender cells to live αGFP receiver cells. sGFP sender cells were fixed in 1% PFA for 5 minutes and washed with PBS before co-cultured with αGFP receiver cells at a 1:1 ratio for 24 hours. Receivers were defined as Tomato neg PI neg BFP pos cells. c. GFP transfer to 293 receiver cells required sGFP-αGFP recognition. GFP is transferred from sGFP sender cells to αGFP-receiver cells but not from sGFP sender cells to αmCherry-receiver cells. Control receiver cells do not express any nanobody. Sender and receiver cells were co-cultured at a 1:1 ratio for 24 hours. Receivers were defined as Tomato neg PI neg BFP pos cells. d. GFP transfer to receiver cells is accompanied by a reduction of GFP on the sender cells. GFP expression on sender cells after 24 hour co-culture with control or αGFP-expressing 293 receiver cells at a 1:1 ratio. Co-culture with αGFP expressing but not control receiver cells reduced GFP on sGFP sender cells. Senders were defined as Tomato pos DAPI neg BFP neg cells. e. GFP transfer is accompanied with αGFP internalization on receiver cells. Analysis of surface αGFP (Myc-tag) on 293 receiver cell co-cultured for 24 hours with sGFP sender cells. Receivers were defined as Tomato neg PI neg cells. f. GFP transfer to 293 receiver cells is partially dependent on membrane dynamics of endocytosis. Both a clathrin inhibitor (Pitstop, 20 μM) and a dynamin inhibitor (Dyngo 4a, 10 μM) partially inhibit GFP transfer from sGFP sender cells to αGFP receivers. Inhibitors were present during the 24 hour co-culture.
Basis of the labeling
Advantages
Potential disadvantages
Additional requirement for labeling
Determinants of label half-life after touching
Receivers were defined as Tomato neg PI neg cells. g. GFP transfer to αGFP 293 receiver cells can be very rapid. A shift in GFP MFI was detected 5 minutes after mixing sGFP sender cells with αGFP receiver cell. Receivers were defined as Tomato neg PI neg BFP pos cells. MFI mean +/-SD of triplicate cultures is shown. h. Rapid GFP degradation in touched receiver cells after removal of the sGFP sender cells. After 6 hours co-culture, GFP positive receiver cells were purified by FACS followed by culture without sender cells. Receivers were defined as mCherry neg PI neg BFP pos cells. GFP MFI in receiver cells reduced rapidly (T 1/2 approximately 2 hours). MFI mean +/-SD of triplicate cultures is shown. f. αGFP affinity influences transfer of GFP to touched 293 receiver cells. Receiver cells expressing different αGFP nanobodies were co-cultured with sGFP sender cells at a 1:1 ratio for 6 hours. GFP transfer was assessed by flow cytometry. GFP intensity on Tomato neg PI neg BFP pos receiver cells is shown as mean +/-SD of triplicate cultures.
g. Different TM domains on sGFP impact its expression in 293 sender cells. sGFP expression in sender cells was assessed by flow cytometry for GFP. Mean +/-SD of GFP MFI in triplicate cultures is shown. h. PDGFR TM domain on sGFP minimized retrograde transfer of αGFP from receiver cells to 293 sGFP sender cells. αGFP transfer to sGFP senders were determined as the percentage of mCherry pos GFP pos sender cells that were also BFP pos . Cells were co-cultured for 6 hours at a 1:1 ratio. Mean +/-SD of triplicate cultures is shown. f. The pairing between GCN4 and αGCN4 enables co-transfer of GFP from 4X sGCN4-GFP senders to αGCN4 receivers 24 hours after co-culture at a 1:1 ratio. Receivers were defined as mCherry neg PI neg BFP pos cells. GFP MFI of receiver cell is shown as mean +/-SD of triplicate cultures. sGFP sender are not able to transfer GFP to αGCN4 receivers. d. 293 Sender cells expressing sGFP-PuroR are only modestly resistant to puromycin treatment. 293 cells were transfected with plasmids as indicated. 24 hours after transfection, 293 cells were treated with different doses of puromycin for 24 hours. Cell number was assessed by measuring spectrophotometrically at 570 nm (OD570) after crystal violet staining.
e. Co-transfer of GFP-PuroR from sGFP-PuroR sender cells to αGFP 293 receiver cells confers puromycin resistance to receiver cells. Control, sGFP or sGFP-PuroR sender cells were co-cultured with αGFP 293 receiver cells for 24 hours at a 4:1 ratio before treatment with different dose of puromycin for 48 hours. tdTomato neg PI neg BFP pos cell numbers were counted via FACS. Tang et al. Supplementary Figure 7 . The Halotag-baToN system enables touching based co-transfer. a. Labeling HaloTag-expressing sender cells with AF660 fluorophore. Representative FACS plots of KP (lung adenocarcinoma) sender cells expressing either sGFP or sGFP-sHaloTag incubated with AF660-conjugated HaloTag ligand for 5 minutes on ice. AF660 specifically labeled sHaloTag-GFP sender cells but not sGFP sender cells. b. Representative histogram of GFP and AF660 intensity in αGFP 293 receiver cells cultured with HaloTag-GFP sender cells at a 1:1 ratio for 6 hours (complete experiment results for Figure 2d ). Receivers were defined as mCherry neg PI neg BFP pos cells.
c. AF660 transfer to αGFP 293 receiver cell is rapid after cell-cell interaction. AF660 MFI shift was detected after mixing sHalo-GFP senders and αGFP receivers and co-culture for 10 minutes. AF660 MFI shift was more dramatic than GFP. Receivers were defined as mCherry neg PI neg BFP pos cells.
d. Slower AF660 quenching in touched receiver cells after removing sHalo-GFP senders. After 6 hours co-culture, GFP/AF660 positive receiver cells were purified via FACS. Analysis of GFP/AF660 MFI in purified receiver cells showed rapid GFP degradation but slower AF660 quenching. Receivers were defined as mCherry neg PI neg BFP pos cells. e. Representative FACS plots of αGCN4 receiver cells co-cultured with the indicated sender cells at 1:1 (for single sender cell) or 1:1:1 (for dual sender cells) ratios. Percent of labeled receiver cells (gated as mCherry neg PI neg BFP pos ) after 6 hours of co-culture is indicated as mean +/-SD of triplicate cultures. f. Loading of sender cells with ssDNA. Representative FACS plots of 293 sender cells expressing either sGCN4 or sGCN4-Halo were loaded with 5' HaloTag-ligand, 3' biotin dual conjugated ssDNA (21nt), then stained with Avidin-AF647. AF647 specifically labeled loaded sGCN4-Halo sender cells but not sGCN4 sender cells.
g. Representative histogram of AF647 intensity in control or αGCN4 293 receiver cells cultured with sGCN4 or sGCN4-Halo sender cells at a 1:1 ratio for 6 hours (complete experiment results for Figure 2h ). Receivers were defined as mCherry neg PI neg BFP pos cells. 
